Our aim was to investigate the texture of hydrated biopolymer matrices that are now being considered in the design of pharmaceutical controlled-release dosage forms, in order to determine their influence on the release of an active compound. Prolonged release of pentoxifylline, a highly soluble drug, is needed for once-daily administration to achieve its therapeutic effect. For this purpose, pentoxifylline was incorporated in a polymer matrix made of a combination of xanthan and locust bean gum (XLBG), both of which are of biotechnological origin. Different methods were used to investigate the interplay of the XLBG gel structure characteristics in the absence and presence of 200 mM CaCl 2 on pentoxifylline release: drug-release studies, determination of swelling, erosion, and viscoelasticity of the gel, as well as its texture analysis and microscopic imaging. From the results obtained, the following conclusions can be drawn: the pentoxifylline release from XLBG matrices in water was prolonged for 24 h whereas from the control lactose formulation was completed within 30 min. The presence of Ca 2+ ions in water resulted in faster pentoxifylline release, in spite of less swelling and erosion. However, the rheology, texture analysis and scanning electron microscopy revealed that in the presence of the Ca 2+ ions the gel layer of the XLBG was more cohesive and thinner, as the attraction for water molecules was lower due to the condensation of counter-ions on the xanthan carboxylic-moieties, and consequently greater interpolymer interactions. Therefore, relatively larger amounts of free water molecules were available within the XLBG hydrogel in the presence of Ca 2+ , allowing faster drug dissolution and diffusion. Here, the presence of Ca 2+ ions had a completely opposite effect on XLBG gel structure and drug release in comparison with other more investigated matrix polymers like alginate or non-ionic cellulose ethers. A firm matrix structure that is accompanied by low swelling and erosion cannot guarantee a more prolonged drug release.
Introduction
Hydrophilic polymers that can swell are the main matrix excipients for most modifiedrelease tablet preparations (Omidian et al. [1] ; McCall et al. [2] ). Among all of the semi-synthetic polymers, cellulose ethers have been the most investigated (Baumgartner et al. [3] ; Conti et al. [4] ). However, polymers of natural origin that are accepted and used mostly as thickeners in food and in the cosmetic industry are now coming to the fore of pharmaceutical research (Chronakis et al. [5] ; Savage et al. [6] ; Prakash et al. [7] ). Two of these commonly used natural polymers are xanthan gum (XAN; Fig. 1 ) and locust bean gum (LBG; Fig. 2 ).
Fig. 1. Molecular structure of xanthan.
XAN is an anionic extracellular heteropolysaccharide that is produced by fermentation in the bacterium Xanthomonas campestris. It consists of a β,1-4-Dglucose backbone, as with cellulose. Every alternate glucose unit has a three-sugar side chain that consists of two mannose residues separated by a glucuronic acid. The mannose closest to the backbone can carry an acetyl group, and the terminal mannose, a pyruvate group. The degree of acetylation and pyruvylation varies according to fermentation conditions, but typically 60% to 70% of the internal mannose residues have acetate groups, while 30% to 40% of the terminal mannose residues have pyruvate residues (Garcia-Ochoa et al. [8] ).
LBG is a non-ionic β,1-4 galactomannan that is derived from seeds of the Mediterranean tree Ceratonia siliqua L. It is a homopolysaccharide, the backbone of which consists of a mannose that is substituted with galactose to different degrees. The mannose to galactose ratio is usually 4:1, and the galactose units are unequally distributed along the mannose backbone, depending on the nature of its origin and the methods of its extraction (Dea et al. [9] ). Both of these polymers have already been used in the development of modifiedrelease matrix tablets (Talukdar et al. [10] ; Fukuda et al. [11] ; Coviello et al. [12] ).
However, because of their synergism when used in combination, special per-oral controlled-release drug delivery systems, known as TIMERx, have also been developed and patented. XAN promotes faster gelation of LBG resulting in more rigid gel which itself cross-links the normally free heteropolysaccharide helices of XAN (McCall et al. [2] ). The resultant gel is faster forming and more rigid. All gelation mechanisms presented to explain the synergistic effects are based on intermolecular interactions between XAN and LBG, which are additionally influenced by temperature and presence of different ions in media.
To date, the intermolecular binding mechanism between XAN and LBG is still controversial, and different models have been proposed by different authors. The intermolecular binding may occur between the ordered XAN and unsubstituted or poorly substituted regions of the galactomannan backbone (Dea et al. [9] ), Tako proposed a different model, in which the intermolecular interaction occurs between the sidechains of XAN in the helical form and the backbone of the galactomannans. The authors suggested that the side chains of the XAN are inserted into adjacent unsubstituted regions of the galactomannan backbone, which adopts an extended, twofold, ribbon-like conformation (Tako [13] ), while Cheetham proposed that the interaction occurs between the disordered segments of the XAN chains and galactomannan (Cheetham et al. [14] ).
For hydrophilic polymers, it is generally accepted that once in contact with water they hydrate and swell, forming a gel layer that regulates the penetration of the water into the matrix and the dissolution of the incorporated active ingredient. The formation of the hydrogel on the surface of a polymer matrix generally goes through a transition phase, i.e., from a dry (glassy) state where the active ingredient and the hydrophilic polymer are in a dry and compressed state to a wet (rubbery) state where the penetrating water hydrates the polymer matrix, polymeric molecules become flexible, and drug dissolution and diffusion takes place (Baumgartner et al. [15] ). The interface between the dry core and the surrounding hydrogel is called the swelling front. In the gel phase, the polymer chains slowly begin to unfold and gradually become solvated; however, the presence of physical entanglements between neighbouring chains hinders polymer dissolution. The boundary between the swollen polymer and the medium is called the erosion front. The polymer is hydrated to the point where the chains disentangle and it no longer has structural integrity, and therefore it dissolves as single molecules or as discrete agglomerates (Siepmann et al. [16] ; Maggi et al. [17] ; Baumgartner et al. [18] ). The structure of the swollen polymer matrix gel is dependent on the matrix shape and dimension, the type of dissolution medium, and the polymer type and surface characteristics, in terms of its thermodynamic parameters.
Release studies of an incorporated active ingredient from polymeric matrix are an important tool in different delivery system performance and quality control. As can be seen from the explanation above, the release of the incorporated substances is not only dependent on its physicochemical characteristics; indeed, it is mainly influenced by the gel layer structure (Baumgartner et al. [15] ; Baumgartner et al. [18] ). The interplay between the polymer matrix texture characteristics and the dynamic luminal environment during the drug release process (the in-vivo conditions) is thus very important, although it is also complex and difficult to predict.
Evaluation of the mechanical and rheological characteristics of a polymer matrix can be performed by texture analysis, a penetrometry technique where the material is subjected to a controlled force from which a deformation curve of its response is generated (Mohammed et al. [19] ; Chen et al. [20] ). From the resultant forcedisplacement plot, several parameters of the material can be derived that are directly related to the performance of the sample, such as its relaxation and swelling, and also its adhesion and flowability (Dürig et al. [21] ). Texture analysis provides quantifiable, repeatable and accurate data on the different physical properties of products. It is becoming an established procedure in research, and a valuable tool in the demand for improved design approaches and quality control methods. Texture analyses are also carried out under strictly defined and controlled conditions. By measuring the forces through a swollen polymer matrix, the differently structured gel layers and the boundaries between them can be detected. It can also be noted that the use of texture analysis for mechanical/ rheological characterization of polymeric gels has further benefits that provide additional advantages, including its applicability to a wide range of sample types, its short analysis time, and the short time required for method development. However the use of texture analysis in pharmaceutical investigations is still relatively rare and numerous applications have yet to be exploited, especially in the field of controlled drug release.
The aim of the present study was to determine the effects of the gel texture of a hydrophilic swollen XLBG matrix on the release of incorporated active substance. In our study as an active substance highly soluble drug pentoxifylline was used, which also dissolves very rapidly, therefore for an optimal therapeutic effect its prolonged release is needed. Additionally, we have investigated the differences in drug release rates from XAN-LBG (XLBG) matrices in the absence and presence of Ca 2+ ions. Through the use of texture analysis we tried to confirm the proposed structural differences of polymer matrices based on the results of other methods (swelling, erosion, visco-elasticity) and to obtain better insight into the structural characteristics of these tablets. So far no swelling and erosion studies or texture analyses of XLBG matrices have been carried out previously relating to the ionic strength of the medium.
Results and discussion

Release of pentoxifylline from the XLBG matrix
The gel layer structure and its changes are central and fundamental factors for the prolonged release of active substances incorporated in a swellable polymeric matrix. By choosing a highly water soluble active substance -pentoxifylline (solubility in water at 37 0 C: 191 mg/ml; melting point: 105 0 C), which also dissolves very rapidly, we minimized the influence of drug properties itself on the release.
To simulate the in-vivo drug release under in-vitro conditions we used the BioDis system that allows the concurrent simulation of pH, ionic strength and hydrodynamic conditions in the gastrointestinal tract. Due to the oscillatory movement of the inner cylinder within the vessel containing the dissolution medium, all of the surfaces of the tablets are completely exposed to the medium, which has a great impact on the swelling, erosion and the release mechanisms of dosage form like the investigated XLBG polymer matrix.
Our results showed that the release of pentoxifylline from XLBG matrix in water was prolonged by more than 20 h, as compared to its release from the control lactose formulation that was complete within 30 min (Fig. 3 ). This rapid release of pentoxifylline from the lactose formulation is due to the non-gelling behaviour of lactose, while the pentoxifylline release rate from the XLBG matrix in water is sustained because of polymer swelling and hydrogel formation in the outer matrix layer. The release of pentoxifylline from the XLBG matrix in a medium with increased ionic strength was also investigated, using purified water with 200 mM CaCl 2 ( Fig. 3 ). It was found that the release of pentoxifylline from XLBG was faster compared to pure water. On the other hand increased ionic strength has no influence on the pentoxifylline release from the lactose formulation. The solubility of pentoxifylline itself in media with CaCl 2 remains high, and was experimentally confirmed (solubility in water with CaCl 2 at 37 0 C: 179 mg/ml). This is the evidence that the release of pentoxifylline from XLBG matrices is modified according to the properties of the formed gel layer structure, which is sensitive to presence of Ca 2+ ions at 200 mM. This ionic strength is close to physiological range in the gastrointestinal fluids, of 10 mM to 166 mM (Vertzoni et al. [22] ). To be even more exact, the ionic strength of Ca 2+ ions in gastrointestinal tract is about 100 mM, but this concentration may be increased by food intake.
Physical characterization of XLBG in water without and with Ca 2+ ions
The changes in the swelling and erosion of the biopolymer matrix in purified water in the absence and presence of Ca 2+ ions are shown in Figures 4 and 5. The XLBG matrix showed substantially more rapid and more extensive swelling in water than in water with the Ca 2+ ions (Fig. 4) , with the swelling in the latter remaining slow and practically linear after the first hour. This swelling in the presence of Ca 2+ ions only reached around 600% even after 8 h. As already mentioned, matrices hydrate faster in water, and here a swelling of about 1,000% after 3 h is reached. Furthermore, after the swelling appeared to slow slightly, from 5 h a more rapid water absorption rate was again seen that reached a maximum of 2,500% after 8 h. To note, this amount of water uptake can have a large impact on the gel structure of a polymer matrix.
Erosion of investigated biopolymer matrices in pure water revealed that it was moderate, with the higher ionic strength resulting in evidently lower erosion (Fig. 5) . Thus, after 3 h of swelling in the medium with CaCl 2 , the erosion remained practically unchanged, finally reaching only 8% after 8 h. In comparison, after the third hour of swelling in pure water, the erosion increased, slowing again after 5 h, and reaching a peak of 23% after 8 h.
Comparing the data in Figures 4 and 5 , it can be seen that the swelling and erosion profiles of this XLBG matrix are very similar in the water with Ca 2+ ions. This was not the case in pure water, where the profiles of swelling and erosion of the XLBG matrix significantly differ from 3 h to 8 h, where the swelling is slowing down and erosion is increasing. After 8 h, the swelling of this biopolymer matrix in water was about 4-fold higher compared to the medium with Ca 2+ ions, while the erosion reached about 3-fold.
Thus, the polyanionic behaviour of XAN under our experimental conditions is changed by the addition of Ca 2+ ions, which leads to a charge-screening effect, as proposed by the counter-ion condensation theory of Manning (Dolar et al. [23] ; Dobrynin et al. [24] ; Rivas et al. [25] ). As polyelectrolyte conformations are controlled by the fraction of ionized groups, counter-ion condensation leads to the weakening of electrostatic interactions and promotes conformational changes of the polymer. By this weakening of the electrostatic interactions, the interpolymer repulsion between the XAN chains will be lowered. However, charges on the ionized carboxyl moieties can still interact through unscreened Coulomb potential, depending on the distances between the charges and the concentration of the added Ca 2+ ions. Thus, in the presence of Ca 2+ ions, this charge screening will cause the side trisaccharide chains of XAN to collapse down to the backbone of the matrix, driving a transition in the structure that gives the XAN molecule a rigid rod-like shape and reduces its hydrodynamic size. Consequently, the interpolymer attractive forces between the XAN molecules are enhanced. At the same time, there are interpolymer attractive forces between XAN and LBG, and these should be greater in the medium with Ca 2+ , as compared to pure water. These greater interpolymer interactions between the XAN molecules and the XAN and LBG molecules lead to lower attraction to water molecules. Consequently, in the XLBG matrix the polymer swelling would be expected to be lower and with relatively greater amounts of unbound water. In agreement with this concept, the gel structure is changed. Surprisingly, our results indicate that in water the XLBG matrix swells to a greater extent while releasing the pentoxifylline slightly slower. In the presence of Ca 2+ ions, where there is thus less swelling with more rapid pentoxifylline release, the gel layer of the XLBG matrix is thinner since binding of water molecules to XLBG is lower. Consequently, there will be relatively larger amounts of free water molecules within the XLBG hydrogel. We assume that in the presence of the Ca 2+ ions charge screening results in minor exposure of XAN hydrophilic groups to water, causing presence of less ordered water molecules within the gel and thus enabling faster release of pentoxifylline. Similar results were obtained by measuring the proton NMR spin-lattice (T 1 ) and spin-spin (T 2 ) relaxation times of water in cellulose ether hydrogels. The observed relaxation rate 1/ T 1 was shown to be sensitive to the type of polymer substituent and the calculated amount of bound water molecules correlated well with the degree of hydrophilic substitution of polymer chains, while the rest of the water in the hydrogel was bulk-like (Baumgartner et al. [26] ).
Another possibility for slower drug release would be the crosslinking of XAN with Ca 2+ ions within XLBG matrices, analogous to alginate gels. The crosslinking effect of Ca 2+ ions on the structure of the XLBG network investigated by oscillatory rheometry was not evident (Fig. 6) . The increase of storage (G') and loss (G'') moduli of polymers, when hydrated in water containing Ca 2+ ions, was very small. This is in agreement with our previous study where no crosslinking of pure XAN polymers was observed in the presence of CaCl 2 at different ionic strengths: from 0.00 to 0.20 M. Moreover, the differences between the rheologically determined XAN structure in the presence of Na + ions, which can not crosslink XAN molecules, or Ca 2+ ions were very small (Baumgartner et al. [27] ).
However it has to be also mentioned that minor dimensions of swollen tablets in water with Ca 2+ ions shorten the distance of diffusion for drug molecules and increase the drug release. 
Texture profiling and gel layer dynamics of the swollen polymer matrix
To obtain further insight into the structure and firmness of the swollen XLBG matrix, texture analysis was carried out. The structural changes in the gel layers formed during the swelling of this biopolymer matrix were followed by force-displacement measurements, as illustrated in Figures 7A and 7B . These graphs show the force on the sensor as it pierces through the swollen polymer matrix and penetrates into the matrix for a certain distance. This penetration force represents the resistance of the gel texture that is formed within the XBLG matrix. From the contact of the sensor with the surface of the swollen matrix (the erosion front), very small forces (0-50 mN) were necessary to penetrate the outer gel layer. Proceeding through the swollen matrix texture where various levels of swelling and polymer disentanglement were taking place, the resistance of the gel increased, which is shown by the higher penetration forces needed (Figs. 7A, 7B) . A sharp increase in the resistance to further penetration indicates the position of the boundary between the gel layer and the dry core of the swollen matrix (the swelling front). Once the maximum force was reached, a reverse movement started to withdraw the sensor. Together with these force measurements, the distances travelled by the sensor were measured. The distance at the point of maximum force is proportional to half of the thickness of the swollen polymer matrix tablet.
As seen from Figure 7A , the gel resistance of the XLBG matrix after 30 min and 1 h of swelling was initially almost negligible. However the sensor travelled through the weak gel layer that had formed until it reached the dry core of the matrix, where maximum resistance was seen (over 35 N). The texture analysis shows this point as a sharp force increase (the global maximum). According to the distance travelled by the sensor, the thickness of the gel layer here was in both cases about 3-4 mm. It is thus evident that the hydrogel layer is thin and that the swelling has progressed only to an early stage; at the same time, the strong physical integrity of the matrix core is obvious.
After swelling in water for longer times (2, 4, 6 h), the XLBG matrix showed similar behaviour, although with different force-distance slopes due to the increasing swelling. Additionally, it was noticed that the gel texture was consequently weaker. XLBG matrix showed local maxima that represent the maximum resistance of the remaining core (Fig. 7A ). These maximum resistances varied from 6.7 N for the XLBG matrix swollen for 2 h, to 4.5 N for that swollen for 6 h, and the gel layer thicknesses varied from approximately 9 mm at 2 h to 15 mm at 6 h. When local maximum was reached, this indicates that the sensor was in the middle of the matrix core. Although the measurement should actually end there, because of the weaker remaining core resistance and the weaker surrounding hydrogel, the sensor pierced through to the other side of the tablet (local minimum). Passing fully through the texture of the tablet, the probe then finally touched the hold-plate of the instrument on which the tablets were positioned during the experiment, recording a global maximum. After 8 h of swelling in pure water, it is evident that the dry core of the XLBG matrix did not exist any more; the whole tablet was hydrated as there was only an extremely low resistance of the hydrogel against the applied force.
Similar force-distance plots for the XLBG matrix were obtained after the swelling in the water with Ca 2+ ions, although these did show some important differences (Fig.  7B) . The resistance forces measured were higher than those determined for XLBG in water alone (Fig. 7A) , and these differences remained during the whole swelling period. This is seen by the steeper curves with earlier global and local maxima in the force-displacement plots, as indicated by the arrows in Figure 7B . After 8 h of swelling, the XLBG matrices in the medium with Ca 2+ ions also showed a 5 mm thinner swollen layer, as compared to that in water alone.
Comparing these force-distance profiles in Figures 7A and 7B , a particularly large difference is seen in the penetration forces after 2 h of swelling, where maximum resistance for the XLBG matrix in water was 6.7 N, whereas with the presence of the 200 mM CaCl 2 it was 23 N. It also needs to be stressed that for the XLBG matrix swelling in the Ca 2+ medium for 8 h, the structure of hydrogel obviously remained more coherent and showed a higher resistance towards the force applied (Fig. 7B ).
These differences in texture were also revealed with the SEM micrographs after lyophilization (Fig. 8) . The XLBG matrix swollen in the pure water had a more porous structure than that swollen in the water with Ca 2+ ions. The denser structure of XLBG matrix seen in the latter case is in agreement with the texture results, where a firmer matrix structure was indicated. In summary, this comparison of the force-displacement plots of the swollen XLBG matrix demonstrates that the matrix swollen in the Ca 2+ medium has a stronger and firmer structure that is more resistant to the force applied, as compared to the matrix swollen in pure water alone. The thickness of the swollen matrix is greater in the case of the XLBG swollen in water alone, which is in agreement with the results of the swelling and erosion analysis. The reason behind this matrix behaviour is as proposed earlier, and it lies in the different polymer conformation due to the counterion (Ca 2+ ) condensation on the carboxyl moieties of the XAN, therefore increasing the XAN-XAN and XAN-LBG interactions. With the aid of this texture analysis we were able to explain the results of swelling and erosion studies together with drug release and to confirm hypothesis of counterion condensation.
It is also important to note that the results for the XLBG matrix are different from those for swelling and drug release from cellulose ether matrices. In our previous studies (Baumgartner et al. [3] ), it was demonstrated that the swelling of HPMC matrices positively correlated with pentoxifylline release, i.e., the greater swelling causes faster pentoxifylline release. The same relationship was also discovered by Jamzad et al. (Jamzad et al. [28] ), with a similar correlation among HPMC texture and drug release. They demonstrated a relatively firmer matrix structure due to the incorporation of insoluble excipient and they determined by texture analysis that this caused slower drug release. They also stated that the balance between these 
Conclusions
With this study, we have demonstrated that the addition of Ca 2+ counter-ions into the dissolution medium causes charge screening of carboxylic groups on the trisaccharide side chains of XAN, leading to greater interpolymer attractive forces between XAN and LBG on one side and on the other changing water arrangement. Consequently, XLBG matrix swelling and erosion were reduced, the formed gel structure was more rigid and of firmer texture, as shown by rheological experiments and textural profiling. The release of pentoxyfilline was faster regardless the increased firmness of the formed XLBG gel structure in the presence of Ca 2+ , since the gel thickness was smaller and at the same time relatively greater amount of unbound water was present within it. From our results it is clearly seen that only combinations of different techniques reveals the detailed structure of swollen matrix tablets that is necessary for understanding the release of the active substance from them. 
Experimental part
Materials
Preparation of matrix tablets
Different types of matrix tablets were prepared. XAN and LBG (mass ratio, 1:3, respectively) were homogeneously mixed with the drug substance (mass ratio XLBG:pentoxifylline, 1:1) using a laboratory model drum blender. As a control, tablets were prepared from lactose and pentoxifylline (mass ratio, 1:1). Predetermined amounts of these tablet mixtures were fed manually into the die of a 13-mm diameter flat-surface punch and compressed in a tablet-forming machine (Graseby Specac, UK). The hardness of all of the tablet formulations was adjusted to 80-110 N (VanKel VK 200, USA; hardness tester; n = 6). The weight of each tablet was 400 ±10 mg. For the swelling and erosion determinations and for the texture profiling of hydrated matrices, XLBG polymers without pentoxifylline were compressed to matrices using the same procedure.
Drug-release measurements
Dissolution was studied on a fully calibrated USP III dissolution apparatus (BioDis, VanKel, USA). Each vessel cylinder was filled with 250 ml purified water or water with 200 mM CaCl 2 . The other experimental conditions were as follows: reciprocating cylinder as a sample holder, reciprocation speed 10 deeps per minute (dpm), and polypropylene screens (405 μm), with the temperature maintained at 37 ±0.5 °C. At each predetermined time interval, 5 ml samples were withdrawn. These samples were analysed using UV spectrophotometry at 274 nm (HP diode array UV spectrophotometer, 8453, Germany). All of the dissolution studies were performed at least six times.
Swelling and erosion determination
The swelling and erosion studies were performed in 900 ml purified water, without or with 200 mM CaCl 2 , using a dissolution apparatus equipped with paddles (USP Apparatus II, VanKel Dissolution Apparatus, model VK 7000, USA). In addition to this standard dissolution apparatus, arrangements were made to prevent the sticking of the matrix to the glass wall. These involved the inclusion of a ring/ mesh stainless steel device, which fitted precisely under the paddle into the lower portion of this standard dissolution vessel. The paddle speed was maintained at 50 rpm. Three tablets were used per experiment. After 1, 3, 5 and 8 h, the ring/ mesh assemblies supporting the partially hydrated matrices were carefully removed and the tablets were lightly dried with tissue paper to remove excess surface water prior to being weighed. The swelling degree was calculated according to Equation 1:
where m t = mass of hydrated tablet after the determined time of swelling (g), and m r = mass of remaining dry tablet after swelling (g).
After determining the weight of the hydrated matrices, they were dried at 70 °C in a vacuum oven for 2 days, before determination of the remaining dry weight. where m 0 = mass of dry tablet before swelling (g).
Rheological characterization of XLBG hydrogels
To simulate swollen XLBG matrix layers and to investigate the possibility of crosslinking effect of XLBG by Ca 2+ ions, 3 w/w% XLBG hydrogels were prepared according to the following procedure: 1.13g of LBG was thoroughly dispersed into 50 ml of purified water at 85 °C and after cooling to 40 °C 0.37g XAN was added. Gels were stored at 4 °C for 48 hours to ensure complete hydration. To study the effect of Ca 2+ ions on the gel behaviour, CaCl 2 was first dissolved in water at an ionic strength of 200 mM and polymers were then added.
Viscoelasticity of prepared hydrogels was measured at 20 °C ± 0.5 with an oscillatory viscometer Rheolab MC 100 (Physica, Germany) using a cone-plate measuring system. The critical deformation point below which the linear viscoelastic region is obtained was determined by the amplitude sweep test. The determined deformation was 0.2. After that, frequency tests were performed from 1 -50 Hz. Storage (G') and loss (G'') moduli were calculated using Physica software. The mean of at least three replicates were taken to calculate each modulus.
Texture profiling of swollen matrix tablets
The characteristics and dynamics of the gel layer formed were evaluated as a function of time by texture profiling analysis (Zwick, Germany). Each tablet was placed on a stainless steel mesh device in the standard dissolution apparatus containing the medium without or with 200 mM CaCl 2 . This allows medium access from all directions and simulates the actual process of gel dynamics that occurs in the dissolution process as the tablets move freely in the vessel. Polymer matrices were removed at pre-determined time intervals and analysed by texture analysis. A 2-mm diameter flat-tipped steel sensor was connected to a force transducer that measured the force of resistance encountered by the sensor during its advance through the swollen matrix. During a typical test, the sensor was advanced into the sample at a predetermined velocity in accordance with the following parameters: pretest speed, 1 mm/s; test speed and post-test speeds, 5 mm/min; maximum compression force, 35 N, and auto trigger force, 1 mN. Data were captured at a rate of 200 points/s using the Texture Expert for Windows software, Version 1.20. The Texture Analyzer instrument can capture stress-strain profiles with a high degree of accuracy.
Scanning electron microscopy
Hydrated polymer matrices were frozen in liquid nitrogen, lyophilized, and cut on a Chriotom (Leica CM1850, G). The samples were carefully pressed onto double-sided adhesive carbon tape (SPI Supplies, USA) and imaged with a field emission scanning electron microscopy (SEM, Supra 35 VP, Carl Zeiss, G) operated at 1 keV.
